Electro-optical modulators which work at the near-infrared range are significant for a variety of applications such as communication and sensing. However, currently available approaches result in rather bulky devices which suffer from low integration and can hardly operate at low power consumption levels. Graphene, an emerging advanced material, has been widely utilized due to its tunability by gating which allows one to realize active optical devices. Plasmonic waveguides, one of the most promising candidates for subwavelength optical confinement, provide a way to manipulate light on scales much smaller than the wavelength. In this paper, we combine the advantages of graphene and plasmonic waveguides and propose a tunable graphene-based hybrid plasmonic modulator (GHPM). Considering several parameters of the GHPM, the modulation depth can reach approximately 0.3 dB·μm −1 at low gating voltages. Moreover, we combine GHPM with metal-insulatormetal (MIM) structure to propose another symmetrical GHPM with a modulation depth of 0.6 dB·μm −1 . Our modulators which utilize the light-matter interaction tuned by electro-doped graphene are of great potential for many applications in nanophotonics.
. Therefore, plasmonic waveguides have been regarded as one of the most promising candidates for manipulating light on nanoscale.
Graphene, a single layer of carbon atoms in a hexagonal lattice, holds an attractive potential to realize fast and compact optoelectronic devices. For applications in optical modulators, graphene has several unique characteristics. (1) Broad optical bandwidth. Graphene has a constant absorption from visible to infrared wavelengths which covers the optical fiber communication bandwidth 9, 10 . (2) High speed operation. With a carrier mobility as high as 200,000 cm 2 /(Vs) at room temperature (Actually, the real mobility of monolayer graphene is much smaller than the theoretical value and we use ~10 4 cm 2 /(Vs) in our simulation), graphene-based electronics may have the potential to operate at ultrafast condition (over hundreds of GHz) 11 . The Fermi energy and hence the optical absorption can be rapidly modulated via band-filling effect 12, 13 . (3) Strong light-graphene interaction. A monolayer graphene can possess a much higher optical absorption of ~2.3%, which is much higher than that of compound semiconductors at the same thickness 14 . What's more, the strong plasmonic response of graphene also makes it a promising material to manufacture highly integrated devices. For graphene plamsonics, there are two classes: propagating (waveguide) and localized (nanostructure) graphene plasmons. And for coupling of graphene plasmons, there are also two classes: near-field (directly) and far-field (phase) coupling. Recently, some novel processes based on phase-coupling scheme of localized graphene plasmon resonances have been proposed to realize ultra-high contrast optical modulations 15, 16 . (4) 18, 19 . Based on these advantages, graphene-based modulators will be competitive with ultrafast modulation speed and low operation voltage across a broad optical bandwidth. Although there are many kinds of graphene-based modulators has been demonstrated 17, 20 , it is still largely unexplored to combine the graphene with plasmonic waveguides. In this paper, we propose a tunable graphene-based hybrid plasmonic modulator (GHPM) combining the advantages of graphene and plasmonic waveguides. By realistic simulation, a significant modulation depth of ~0.3 dB·μm −1 can be obtained at the wavelength of 1550 nm. What's more, combining with the metal-insulator-metal (MIM) structure, the modulation depth can reach 0.6 dB·μm −1
. These results open a viable route toward electro-optical modulation within technologically important frequency range.
Materials
Before describing the structure of our device, it is essential to explore the optical response of monolayer graphene firstly. Whether our device is modulated by the exciting graphene plasmons or interband absorption, the result is demonstrated as follows. The graphene plasmons dispersion is shown in Fig. 1 . Incidentally, we use random phase approximation (RPA) [21] [22] [23] [24] to simulate the plasmons dispersion. Figure 1 has illustrated that when ћω is close to or greater than 2E F , the property of graphene performs as the interband absorption due to the strong quantum quenching via coupling to interband absorption. And in our research (i.e., E F ranges from 0 to 0.4 eV), ћω is always larger than 2E F so that the property of graphene shows as interband absorption instead of plasmon modes excitation. Incidentally, interband absorption modulates the propagating modes by affecting the graphene conductivity derived by Kubo formula (details see Methods) and further changing the refractive index as shown in Fig. 2 . As shown in Fig. 2 , one can clearly find the extreme value of imaginary part of refractive index when E F ≈ 0.4 eV. Due to the effect of optical Pauli blocking here, the optical absorption of graphene is close to zero. This effect is based on the change of graphene optical conductivity induced by the shift of the Fermi energy produced by electrical doping (details see Methods). To completely block optical absorption in graphene at the wavelength of 1550 nm, we need to shift the Fermi energy from pristine values of E F = 0 to E F = 0.4 eV.
Results
GHPM structure and properties. In this paper, we propose a plasmonic modulator tuned by a monolayer graphene. This device is compatible with the conventional integrated circuits process. Figure 3a depicts the three-dimensional layout of the GHPM and the cross-section structures, respectively. The structure consists of a silver cylindrical nanowire of permittivity ε m and diameter d separated from a silicon slab of permittivity ε d and thickness h d by a nanoscale dielectric gap of permittivity ε s and thickness h. And a monolayer graphene is inserted between the silicon slab and the silica substrate. The dielectric material surrounding the silver nanowire is the same material used as the substrate. In our simulation, the electrodes are far enough on the guide mode so that those effects can be neglected. In order to clearly display the structure of our device, we neglect the cladding surrounded the metal nanowire in Fig. 3a . For the practical applications, we can use a grating to couple light into a plasmon-propagating mode which can be tuned by gated graphene via electrical doping (details see Methods). The mode distribution of the proposed modulator is shown in Fig. 3b . One can clearly see that the electric field intensity is tightly confined to the metal surface in front of the silicon slab.
In the simulations, we choose the working wavelength at 1550 nm. Figure 3a illustrates the structure of the designed GHPM, where ε d = 12.25 and ε s = 2.25 at 1550 nm 25, 29 . The refractive index of Ag is 0.14526 + i11.359 26 . At first, the cylinder diameter, gap thickness and silicon slab thickness are set at 200, 4 and 50 nm, respectively. The conductivity of graphene is derived above. In the following study, we study the GHPM firstly, in which the modulation is realized by shifting the Fermi energy by electrical doping from 0 eV to 0.4 eV at the wavelength of 1550 nm. Then, we adjust the cylinder diameter d, the dielectric gap width h and the silicon slab width h d to control the modulation depth.
Here we mainly analyze the modulation depth of this proposed modulator. Compared to the previous hybrid modulators (the modulation depth is ~0.03 dB·μm −1 27 ), the modulation depth of our modulator can reach approximately as high as 0.3 dB·μm −1 at low gating voltages where the cylinder diameter, gap thickness and silicon slab thickness are set at 200, 4 and 50 nm, respectively. Meanwhile the insertion loss is approximately 0.02 dB·μm −1 which can be neglected. To further research the relationship between modulation depth and the structure parameters, we calculate the modulation depth by varying the cylinder diameter d, the dielectric gap thickness h and the silicon slab thickness h d . Relevant results are shown in Fig. 4 .
As mentioned above, a significant consequence is that the modulation depth is a trade-off between the mode field intensity and the distance of graphene layer to the center of mode field. As shown in Fig. 4a , by simulation we can find that the mode field intensity increases with the diameter, and the distance of graphene layer to the center of mode field is a constant simultaneously. Thus the modulation depth gradually increases with the cylinder diameter. As shown in Fig. 4b , one can clearly find that the modulation depth decreases with the dielectric gap. This can be interpreted that the distance of graphene layer to the center of mode field becomes larger with the increase of the dielectric gap. Meanwhile, the mode field intensity decreases by simulation analysis. The dependence of modulation depth on the silicon slab thickness is shown in Fig. 4c . One can clearly find that the modulation depth first increases and then decreases with the thickness of the silicon slab. With the silicon slab thickness increasing, the mode field intensity gradually increases, however the distance from the graphene layer to the mode center becomes larger. Thus this trade-off leads to the phenomenon shown in Fig. 4c . As shown in Fig. 4d , a modulation depth greater than 0.27 dB·μm −1 is achieved for a broad band of wavelengths, from 1350 nm to 1600 nm. The proposed GHPM combines the advantages of graphene and plasmonic waveguides. We utilize the tunability of graphene and the subwavelength optical confinement of plasmonic waveguides. Considering several parameters of the GHPM, the modulation depth can reach approximately 0.3 dB·μm −1 at low gating voltages. In fact, the location of graphene layer relative to the mode is the true nature causing the change of modulation depth with the parameters.
SGHPM structure and properties. Based on the structure proposed above, here we design another plasmonic modulator utilizing metal-insulator-metal (MIM) waveguides 28 . As shown in Fig. 5a , this structure consists of two identical metal nanowires symmetrically placed on each side of a thin silicon slab. And a monolayer graphene is inserted in the center of the silicon slab. The material surrounding the two silver nanowires and the electrodes are not displayed in Fig. 5a to lighten the geometry. Due to this structure consists of two symmetrical GHPM, we call it a symmetrical graphene-based hybrid plasmonic modulator (SGHPM).
Actually, there are many proposed plasmonic waveguides utilizing the insulator-metal-insulator (IMI) structure to achieve long range propagation 29 . Although IMI waveguides suffer lower propagation loss, the MIM waveguides provide tighter modes confinement near the graphene layer due to the SPPs modes coupling. As the modes distribution shown in Fig. 5b , one can easily find tighter modes confinement than which is shown in Fig. 3b . Thus this structure can improve the tunability of plasmonic modulators. By numerical analysis, the propagation length (~10 μm) of the modes supported by this MIM waveguide can satisfy the demands of this proposed modulator. The modulation depth of SGHPM can reach approximately 0.6 dB·μm −1 which is higher than that of GHPM where the cylinder diameter, gap thickness and silicon slab thickness are set at 200, 4 and 50 nm, respectively. Meanwhile the insertion loss is 0.05 dB·μm −1 which is much smaller than the value of modulation depth. As shown in Fig. 6 , due to this SGHPM can be considered as two symmetrical GHPM, the dependence of the modulation depth shows similar properties as GHPM. The only difference is the modulation depth decrease with the thickness of the silicon slab. Here we find that the MIM structure can decrease the effective mode area as shown in Fig. 7 . Compared SGHPM with GHPM, the MIM structure can make SPP modes more concentrated on the surface of metal nanowires. This result in a decrease of the effect of increase silicon slab thickness on the increase of modes intensity. However, the distance from graphene to mode center increases with the silicon slab which reduces the tunability of the graphene layer and leads to a decrease in the modulation depth as shown in Fig. 6c . As shown in Fig. 6d , a modulation depth greater than 0.58 dB·μm −1 is achieved for a broad band of wavelengths, from 1350 nm to 1600 nm. Another significant parameter shown in Fig. 7 is the normalized effective mode area which is used to explain the subwavelength confinement in our modulator.
As shown in Fig. 7 , we calculate the normalized effective mode area of the two proposed modulators (details see Methods). One can easily find that both modulators show tight mode subwavelength confinement which ensures that our modulator can achieve subwavelength modulation. Moreover, the normalized effective mode area of both modulators increases with the cylinder diameter and dielectric gap thickness. Combined with conclusions above, we have analyzed the overall performance of our subwavelength plasmonic modulators. Several other parameters (i.e. the modulation speed and energy consumption) are shown in Methods.
Discussion
In this paper, we have proposed a tunable graphene-based hybrid plasmonic modulator (GHPM) combining the advantages of graphene and plasmonic waveguides. The modulated optical signals are obtained by electrically tuning of the graphene's refractive index and the subwavelength confinement is achieved via plasmonic waveguides. The numerical simulations at the wavelength of 1550 nm have shown that the GHPM with relatively low loss and nanoscale light confinement can gain an attractive modulation depth of nearly 0.3 dB·μm
. What's more, the modulation depth of the SGHPM is achieved a higher value (~0.6 dB·μm −1 ) than that of the GHPM. Our hybrid modulators have a great potential in graphene-based nanoscale optical devices.
Methods
Properties of monolayer graphene. Parameters of monolayer grapheme. In our research, as relative discussion proposed in the text, the optical response of graphene is described by the conductivity which is modeled utilizing Kubo formula 30 . At temperature T = 296 K, the conductivity σ of graphene is given by where σ total is the conductivity of monolayer graphene which consists of intraband conductivity σ intra and interband conductivity σ inter and ћ is the reduced Plank's constant. σ 0 = 60.8 μS, λ = 1550 nm, relaxation time τ 1 = 1.2 ps for interband conductivity and τ 2 = 10 fs for intraband conductivity are constants, so that the conductivity of graphene is calculated as a function of Fermi level E F . The permittivity of monolayer graphene is derived by Scientific RepoRts | 7: 5190 | DOI:10.1038/s41598-017-05172-9
where Δ is the thickness of graphene assumed to be 0.7 nm in simulation. And the refractive index of graphene is derived by
Electrical tuning approach. In our proposed modulators, the carrier concentration in monolayer graphene is dynamically controlled by employing a top-gate voltage 31 , as shown in Figs 3a and 5a. The Fermi energy of graphene tuned by applied voltage can be estimated using the parallel capacitor model as Modulation depth. The modulation depth Mp is given by
max m in
where ER is the extinction ratio and L is the active region length. The ER is calculated by where P max and P min is the maximum and minimum electromagnetic power, respectively. The P max and P min are given by where W m and W(r) are the electromagnetic energy and energy density, respectively (per unit length along the direction of propagation).
Other parameters. Here we briefly evaluate the modulation speed and the energy consumption of our proposed modulators. Since the two modulators have the same basic structure, their modulation speed and power consumption are approximately equal. The modulation speed which can be described by 3 dB bandwidth (f 3dB ) is calculated by where R (~600 Ω) and C (~0.2 pF) are the total resistance and total capacitance of modulators, respectively. After considering the contact resistance and quantum capacitance of monolayer graphene 32, 33 , the modulation speed of the proposed modulators is ~1.3 GHz. And the energy consumption of our modulators are calculated by
pp 2
where V pp ≈ 8 V is the peak-to-peak voltage here. 1/4 comes from the fact that in an NRZ signaling scheme, and for a random bit sequence, one complete charge/discharge cycle occurs on average once every four bits 32 . Thus the energy consumption of our modulators is at the level of 1 pJ/bit.
